To investigate the population pharmacokinetics (PK) and pharmacodynamics (PD) of bivalirudin, a synthetic bivalent direct thrombin inhibitor, in young healthy Chinese subjects. Methods: Thirty-six young healthy volunteers were randomly assigned into 4 groups received bivalirudin 0.5 mg/kg, 0.75 mg/kg, and 1.05 mg/kg intravenous bolus, 0.75 mg/kg intravenous bolus followed by 1.75 mg/kg intravenous infusion per hour for 4 h. Blood samples were collected to measure bivalirudin plasma concentration and activated clotting time (ACT). Population PK-PD analysis was performed using the nonlinear mixed-effects model software NONMEM. The final models were validated with bootstrap and predictioncorrected visual predictive check (pcVPC) approaches. , and 0.0554 L/kg, respectively. The inter-individual variabilities of these parameters were 14.8%, 24.2%, fixed to 0% and 15.6%, respectively. The final PK-PD model was a sigmoid E max model without the Hill coefficient. In this model, a covariate, red blood cell count (RBC*), had a significant effect on the EC 50 value. The typical PD population values of maximum effect (E max ), EC 50 , baseline ACT value (E 0 ) and the coefficient of RBC* on EC 50 were 318 s, 2.44 mg/L, 134 s and 1.70, respectively. The inter-individual variabilities of E max , EC 50 , and E 0 were 6.80%, 46.4%, and 4.10%, respectively. Conclusion: Population PK-PD models of bivalirudin in healthy young Chinese subjects have been developed, which may provide a reference for future use of bivalirudin in China.
Introduction
Anticoagulation therapy during cardiac percutaneous and surgical interventions is at the forefront of interventional cardiovascular medicine today. Traditionally, unfractionated heparin (UFH) and low molecular-weight heparin (LMWHs) have been utilised as the primary anticoagulant during cardiac surgery. However, both UFH and LMWHs have inherent limitations, often with potentially deleterious clinical consequences, such as heparin-induced thrombocytopenia (HIT).
Additionally, hemodynamic instability after protamine administration to reverse UFH during cardiopulmonary bypass (CPB) has been reported to be associated with a 13.2% posthospital admission mortality rate [1] . These untoward sequelae have compelled both basic science and clinical investigators to search for alternate anticoagulation strategies.
Bivalirudin, a synthetic bivalent direct thrombin inhibitor (DTI), has its history rooted with that of hirudin, a natural irreversible bivalent DTI derived from the salivary glands of the medicinal leech, Hirudo medicinalis [2] . Bivalirudin was previously known as Hirulog TM and was developed by Biogen as a synthetic form of hirudin that incorporates the binding affinity to both the catalytic active site and the anion binding exosite of thrombin [3] www.nature.com/aps Zhang DM et al Acta Pharmacologica Sinica npg approximately US$325 for a 250-mg vial [4] . Extensive investigations have confirmed that bivalirudin has several therapeutic features superior to UFH and LMWHs, including more predictable pharmacokinetics (PK) and pharmacodynamics (PD) behaviour, a lower proclivity to generate an immune response, and an equivalent suppression of acute ischemic events with fewer bleeding complications [5] [6] [7] [8] . The FDA approved bivalirudin in 2000 under the brand name Angiomax, and the Committee for Medical Products for Human Use (CHMP) approved it in 2004 under the name Angiox; however, the drug has not been marketed in China until now. During the last several decades, there has been an increase in both the economic growth and the aging population in China. Along with this, the morbidity and mortality of acute coronary syndrome (ACS) has greatly increased, and percutaneous coronary intervention (PCI) treatment has also become more popular. Due to these situations and the fact that bivalirudin is highly recommended for anticoagulation therapy, it should be considered for use in China. Therefore, it is currently at an advanced development stage in China, with several ongoing clinical trials at this time.
In general, it is important to carefully explore drug properties at the early stages of drug development. In 1972, Sheiner et al proposed using nonlinear mixed-effects modelling to estimate population PK parameters. Although originally described in the context of therapeutic drug monitoring, the population approach has been most extensively applied to clinical trials and drug development over the past 30 years [9] . Population PK-PD models are a key component of modelbased drug development [10] [11] [12] . Performing population PK-PD modelling using nonlinear mixed-effects modelling allows, apart from the estimation of fixed effects (the PK and PD model estimates), the quantification of random effects as within-and between-subject variability, which is critically valuable in the drug development process.
The purpose of this work was to identify and estimate characteristic parameters of a population PK-PD model for bivalirudin in healthy young Chinese subjects. This was done to achieve a better understanding of the pharmacological properties of bivalirudin and to provide more information for the design of later clinical trials of bivalirudin.
Materials and methods
Study design and drug analysis All patients gave written informed consent, and the Independent Ethics Committee and the Institutional Review Board of Peking University First Hospital approved the study. Briefly, 48 healthy Chinese Han ethnic subjects were enrolled in the study and randomly assigned to either the bivalirudin group (n=36) or placebo treatment group (n=12), following simple randomisation procedures (computerized random number). The placebo group data were not used in the population PK-PD modelling; however, these data were of great value for evaluating the accuracy of PD determinations and distinguishing the bivalirudin anticoagulant effect from the placebo effect. The bivalirudin treatment group consisted of four dose levels: 0.5 mg/kg, 0.75 mg/kg, and 1.05 mg/kg intravenous bolus, and 0.75 mg/kg intravenous bolus followed by an infusion of 1.75 mg/kg per hour for 4 h (n=9 for each dose). The selection of doses was based on the instructions for bivalirudin use marketed in the United States. The group that received the intravenous bolus of bivalirudin followed by an infusion of the drug received the same dose as that used clinically abroad. Intensive pharmacokinetic and pharmacodynamic sampling was performed. Bivalirudin plasma concentrations were determined using validated liquid chromatography-tandem mass spectrometry. Activated clotting time (ACT) measurement was performed using the Hemochron Response device (International Technidyne Corp, New Albany, IN, USA). Details of the study design, pharmacokinetic and pharmacodynamic sampling, determination of bivalirudin concentration and ACT were described previously [13] . 
Basic model selection
Based on the bivalirudin concentration-versus-time curves from the healthy subjects, one-and two-compartment models were chosen. The data were fit without introducing any covariates. The objective function value (OFV), data fitness, and parameter rationality were comprehensively compared to choose the best base model.
Random effect model
The random effects of population pharmacokinetics included inter-individual variability and residual error. A lognormal distribution of parameters was assumed for inter-individual variability. Therefore, the distribution of the PK parameters was defined as P i =θ P ·Exp (η Pi ) where P i is the individual estimate for a model parameter P, such as CL in the ith individual, θ P is the population median of the parameter P, and η Pi describes the ith individual's deviation from the population mean estimated as a distribution, assuming a zero mean and a variance of ω.
The residual error of the model assumed a normally distributed random variable with a mean of zero and a variance of σ 2 . Additive, proportional and proportional plus additive models were tested.
Covariate model
After the identification of the base, or covariate-free model, scatter plots of individual PK parameters versus available 1389 www.chinaphar.com Zhang DM et al Acta Pharmacologica Sinica npg demographic and biological characteristics were generated. In addition, stepwise covariate modelling (SCM) by PsN was used to initially screen for potential, significant covariates. The tested covariate models included additive, proportional and power models.
The potential covariates that were screened by SCM were individually introduced into the basic model and screened again with NONMEM. In NONMEM, all covariates were investigated by forward inclusions and backward deletion techniques. Each selected covariate was first tested by a univariate NONMEM analysis to confirm its relevance. A decrease in OFV of at least 3.84 units, corresponding to P<0.05, was first required to consider the covariate in the intermediate model. In a second step, all significant covariates were added simultaneously to the intermediate model, and then, each covariate was independently removed from the full model to confirm its relevance. This is known as the backward deletion strategy, and the resulting variation in OFV as compared to the full model was examined. An increase in OFV of >6.64 (P<0.01) was required to confirm the significance of the covariate and to take it into account in the final model. A more conservative criterion was used for model reduction (P<0.01) than for model building (P<0.05) to reduce the likelihood of accepting a false-positive covariate.
Model validation
The accuracy and robustness of the final model were evaluated using the resampling techniques of the bootstrap method and prediction-corrected visual predictive check (pcVPC).
The bootstrap method involves repeated random sampling of subjects in the database. The original dataset is replaced to produce another dataset of the same size, but with a different combination of subjects. Resampling was repeated 1000 times.
The median values and 95% confidence intervals for the parameters estimated from the bootstrap sets that produced successful minimisation and convergence were compared to the parameter estimates obtained from the original data set.
Visual predictive check (VPC) is a valuable method for checking model performance. However, the shortcomings of the traditional VPC have been highlighted before [14] ; therefore, pcVPC offers a solution to these problems while retaining the visual interpretation of the traditional VPC [15] . By using the pcVPC, both the observations and model predictions were normalised for the typical model predictions. One thousand data sets were simulated from the final model parameter estimates, and the non-parametric 95% confidence intervals for the median, 5th and 95th percentiles based on the 1000 simulated datasets were calculated and represented together for visual inspection.
Population pharmacokinetic/pharmacodynamic modelling
In developing the population PK-PD models, the IPP (Individual PK Parameters) sequential approach [16] was used. The population PK model was built first as mentioned above, and then the estimated individual PK parameters were fixed to individual estimations from the final PK model for estimating the PD parameters.
Bivalirudin is a direct thrombin inhibitor and is administered as an intravenous injection. Additionally, it is not a prodrug, meaning it is the active form only and does not need to be metabolised in vivo to exhibit anticoagulation activity. Considering these characteristics of bivalirudin, and the fact that thrombin is the last enzyme in the clotting cascade, the direct response PD model was chosen.
The sigmoid E max effect model with or without sigmoidicity (parameter γ) and without time delay was selected as the base PD model. The E max model was described by the following equation:
where E indicates the effect of bivalirudin on ACT; E 0 is the baseline ACT value; E max is the maximum effect; C e is the bivalirudin concentration of the central compartment, which was also the effect compartment; γ is the sigmoidicity (Hill) factor; and EC 50 is the bivalirudin concentration at 50% maximum effect.
The process of building the random effect model and covariate model, and the validation process of the final model, were the same as the procedures performed for the population PK analysis.
Results

Volunteer characteristics
The demographic and biological characteristics of the 36 healthy volunteers are summarised in Table 1 .
Population pharmacokinetic modelling A total of 423 plasma bivalirudin measurements were taken and made available for population PK modelling.
Model building
We compared the OFV of the one-and two-compartment models and found that the OFV value of the two-compartment model decreased by 1129.144 (P<0.0001) compared to the onecompartment model. Additionally, the fit of the two-compartment model indicated that the population predictive value (PRED), individual predictive value (IPRED), and observed value had better correlations, suggesting that the twocompartment model was preferable to the one-compartment model. Therefore, the two-compartment model was chosen as the basic model for the next population pharmacokinetic analysis.
The exponential model was chosen as the inter-individual variability model. A proportional error model was shown to be sufficient for the characterisation of the residual unexplained variability (RUV). Thirty covariates, including demographic factors and laboratory indicators, were analysed in the present study. No covariate showed significant influence on the pharmacokinetic parameters.
Therefore, the final population PK model of bivalirudin in healthy Chinese subjects was a two-compartment, covariatefree, inter-individual variability exponential model, with residual error described by a proportional error model. The fits for the observed value versus the PRED and the observed value versus the IPRED concentrations were judged to be good and the trend line was close to the line of unity, as shown in Figure 1A and 1B. The conditional weighted residuals (CWRES) value versus the PRED plots showed the points to be symmetrically distributed around a straight line through 0, with most of the points being within -4 and +4 units, as shown in Figure 1C . The distribution of the CWRES fits to a nearly symmetrically distribution, as shown in Figure 1D . Therefore, there was no evidence of bias. Overall, the plots indicated that the study data were sufficiently well described by the final model that was developed in this study.
Model validation
Model validation is very important in population analyses [17] . In the present study, bootstrap and pcVPC analyses were used to evaluate model stability.
The results of the bootstrap method are shown in Table 2 . The median values of the PK parameter estimates obtained after 1000 runs, 100% of which were minimisation successful, were not significantly different from the estimates of the original dataset, and the 95% confidence interval was within reasonable limits.
The pcVPC results are presented in Figure 2 . The plots showed that the observed plasma concentration data mostly fit well within the 5th-95th percentiles of the simulated data, except for the data of one subject in the infusion group.
Population pharmacokinetic/pharmacodynamic modelling ACT was chosen as the PD endpoint because it is recommended that the ACT should be monitored to ensure the desired degree of anticoagulation and to minimise the risk of bleeding complications during bivalirudin treatment [18] .
Model building
The PD response was characterised by a sigmoid E max model without the Hill coefficient for the base PK-PD model.
The exponential model was chosen as the inter-individual variability model. A proportional error model was shown to be sufficient to characterise the residual variability. Twenty covariates, including demographic factors and laboratory indicators, were analysed. Only one covariate, the red blood cell count (RBC*), showed a significant effect on the EC 50 . The Figure 3B demonstrated that the observed value versus the IPRED ACT tends to have good fitness. The CWRES value versus the PRED plots showed that the points were evenly distributed around a straight line through 0, with most of them being within -3 and +3 units of the line, as shown in Figure  3C . The distribution of the CWRES shows nearly symmetrically distribution, as shown in Figure 3D . Therefore, there was no evidence of bias, indicating that the final PK-PD model described the data reasonably well.
Model validation
As for PK modelling described above, bootstrap and pcVPC analyses were used to evaluate the stability of the final PK-PD model. The results of the bootstrap method are shown in Table 3 . The median values of the PD parameter estimates obtained after 1000 runs, 992 of which were minimisation successful, were not significantly different from the estimates of the original dataset, and the 95% confidence interval was within reasonable limits. Furthermore, the 95% confidence interval of θ RBC did not include 0, suggesting that the final population PK-PD model was stable.
The pcVPC results are presented in Figure 4 . The plots showed that the observed ACT value mostly fit well within the 5th-95th percentiles of the simulated data.
Discussion
In this study, we applied a population approach to evaluate the PK-PD characteristics of bivalirudin in healthy Chinese volunteers. To the best of our knowledge, this is the first attempt to identify a population PK-PD model for bivalirudin.
For PK model building, a two-compartment model was found to provide the best fit for the plasma concentration of bivalirudin. The mean population estimate for the clearance rate (CL) of bivalirudin in healthy Chinese subjects was similar to that calculated by a non-compartment method using WinNonlin, but the distribution volume of the two methods www.chinaphar.com Zhang DM et al Acta Pharmacologica Sinica npg was somewhat different [13] . This result may be because the CL is mainly determined by the hepatic or renal function of the subject and is less dependent on the parameter calculation method. Meanwhile, the distribution volume is a hypothetical parameter used to evaluate the extent of distribution of a drug. In other words, the distribution volume does not have any real meaning in physiology, and may differ when calculated by either the non-compartment or the compartment method.
The goal of building the covariate model was to find subjectspecific characteristics, which could explain, and thus reduce, the variability of the model. We tested the effect of 30 covariates, including age, weight, gender, creatinine, alanine aminotransferase (ALT), albumin (ALB), etc on PK parameters. However, no covariate showed a significant effect on the PK model. This result may be due to two reasons, the first being the PK characteristics of bivalirudin. Bivalirudin is eliminated via the dual pathways of proteolysis and renal excretion, avoiding the hepatic metabolism pathways, which may correlate with several biological characteristics, such as ALT, ALB, etc. Additionally, bivalirudin was administered intravenously. This avoided the first-pass metabolism that may be influenced by some covariates. In this study, the bivalirudin dose was administered by weight adjustment, which may neutralise the effect of weight on PK parameters. The second reason that there was not a significant covariate effect in the PK model may be due to the nature of the subjects enrolled in the study. This was a phase I study conducted on healthy subjects, which was a uniform population with a relatively narrow range of covariates. For example, it was reported [19, 20] that compared to the normal renal function (glomerular filtration rate, GFR≥90 mL/min) group, the CL of bivalirudin was unchanged in mild renal impairment (GFR 60-89 mL/min), and decreased by 45% and 68% in moderate (GFR 30-59 mL/min) and severe (GFR<30 mL/min) renal impairment, respectively. However, this result could not be demonstrated with the data at han, because all 36 subjects enrolled in this study had normal renal function (GFR>90 mL/min).
For PK-PD model building based on the anticoagulation mechanism of bivalirudin, a direct response, sigmoid E max effect model without the Hill coefficient factor was chosen as the basic model. We tested 20 covariates, and only the RBC* showed a significant effect on the EC 50 . The biological basis for this phenomenon is currently unknown; however, a preliminary hypothesis may be offered. For the ACT measurements, 3-mL blood samples were collected in a cuvette containing a number of dried reagents, including phospholipid, silica, kaolin, stabilisers, and buffers, and the ACT determination was performed immediately. If the blood samples were diluted, the concentration of the blood coagulation factors would decrease, leading to a prolonged ACT value. The low RBC* condition is somewhat similar to that of diluted blood; therefore, it will have a lower EC 50 . The observed effect of the RBC* on the EC 50 may be due to the relatively low concentrations of blood coagulation factors that were present in the low RBC* condition, rather than the "real" effect of the RBC. However, the exact mechanism needs further investigation.
For modelling diagnostics and validation, the CWRES and the pcVPC methods were used in this study instead of the traditionally used WRES and VPC methods. The CWRES and pcVPC methods have been proposed recently [15, 21] . Use of the WRES as a diagnostic tool when performing modelling using the FOCE methods leads to the possibility of misguided model development and diagnosis, or, at the very least, less informed model development. The CWRES, on the other hand, are calculated similarly to the WRES, but are based on the FOCE approximation. The FOCE method was used for building the model used in this study. Therefore, the CRWES was more appropriate than the WRES for diagnostics of the established models. The principal benefit of the pcVPC method has been explored by application to both simulated and real examples of PK and PK-PD models [12] . To enhance the ability to diagnose model misspecifications, we used the pcVPC method instead of the traditional VPC method.
Generally speaking, the developed PK and PK-PD models fit the observed data well, despite some underestimations when ACT values were high in the PK-PD model and the fact that there was a one outlier subject in the pcVPC of the infusion group. The demographic and biological characteristics of the subject were all within the normal ranges. Furthermore, the records of both the drug administration and the sampling process regarding this subject were checked again and no mistakes had been made. As mentioned above, bivalirudin is not metabolised via cytochrome P450s (CYPs) or drug transporters. Therefore, the reason for this outlier could not be explained by a gene polymorphism, and the definitive reason for the presence of this outlier is unclear.
This study has several limitations. First, the models are based on data from a total of 36 subjects, which may be considered a small number for population analysis. Second, all npg the subjects are healthy volunteers, with a narrow distribution of demographic and biological variables. For example, the average age was 33 years and the standard deviation was only 2 years. There were no subjects older than 37 years, only three subjects were 29 years, and all of the others were between 30 and 37 years old. This limits the use of this model to predict the PK and PD of bivalirudin in the elderly. In addition, the accuracy of any prospective simulations using parameter estimates and their variability may be impaired if applied to patients using bivalirudin because the subjects involved in the model-building process were all healthy volunteers. The stability and extrapolation of the models developed in this study need further improvement and evaluation in a larger group of subjects, including patients, before the models can be fully validated.
In conclusion, the population PK and PK-PD models of bivalirudin in healthy, Chinese subjects were well developed. The base models of PK and PK-PD were a two-compartment model and a sigmoid E max model without the Hill coefficient, respectively. No covariate was retained in the final PK model and one covariate, the RBC*, was incorporated into the final PK-PD model. These models provide a first step for using the population PK-PD study method in a phase I study of bivalirudin. These models may also help in the further development of bivalirudin.
